In the present paper, we used GC-MS analysis in combination with flux analysis and the Affymetrix ATH1 GeneChip to survey the metabolome and transcriptome of Arabidopsis leaves in response to manipulation of the thiol-disulfide status. Feeding low concentrations of the sulfhydryl reagent dithiothreitol (DTT) for one hour at the end of the dark period led to post-translational redox-activation of ADP-glucose pyrophosphorylase and major alterations in leaf carbon partitioning, including an increased flux into major respiratory pathways, starch-cell-wall-, and amino-acid synthesis and a reduced flux to sucrose. This was accompanied by a decrease in the levels of hexose-phosphates, while metabolites in the second half of the TCA cycle and various amino acids increased, indicating a stimulation of anaplerotic fluxes reliant on α-ketoglutarate. There was also an increase in shikimate as a precursor of secondary plant products and marked changes in the levels of the minor sugars involved in ascorbate synthesis and cell wall metabolism. Transcript profiling revealed a relatively small number of changes in the levels of transcripts coding for components of redox-regulation, transport processes and cell wall, protein and amino acid metabolism, while there were no major alterations in transcript levels coding for enzymes involved in central metabolic pathways. These results provide a global picture of the effect of redox and reveal the utility of transcript and metabolite profiling as systemic strategies to uncover the occurrence of redox-modulation in vivo.
Summary
In the present paper, we used GC-MS analysis in combination with flux analysis and the Affymetrix ATH1 GeneChip to survey the metabolome and transcriptome of Arabidopsis leaves in response to manipulation of the thiol-disulfide status. Feeding low concentrations of the sulfhydryl reagent dithiothreitol (DTT) for one hour at the end of the dark period led to post-translational redox-activation of ADP-glucose pyrophosphorylase and major alterations in leaf carbon partitioning, including an increased flux into major respiratory pathways, starch-cell-wall-, and amino-acid synthesis and a reduced flux to sucrose. This was accompanied by a decrease in the levels of hexose-phosphates, while metabolites in the second half of the TCA cycle and various amino acids increased, indicating a stimulation of anaplerotic fluxes reliant on α-ketoglutarate. There was also an increase in shikimate as a precursor of secondary plant products and marked changes in the levels of the minor sugars involved in ascorbate synthesis and cell wall metabolism. Transcript profiling revealed a relatively small number of changes in the levels of transcripts coding for components of redox-regulation, transport processes and cell wall, protein and amino acid metabolism, while there were no major alterations in transcript levels coding for enzymes involved in central metabolic pathways. These results provide a global picture of the effect of redox and reveal the utility of transcript and metabolite profiling as systemic strategies to uncover the occurrence of redox-modulation in vivo.
Introduction
The cellular redox-state is determined by several redox-active species. In addition to being constituents of cellular metabolism per se, redox-agents actively participate in metabolic regulation (Bowsher et al., 1992; 1993; Foyer and Nocter, 2005; Nocter et al., 2004) . Perhaps the best characterised example to date is the regulation of the expression and post-translational regulation of chloroplast proteins by signals triggered by the redox-state of photosynthetic electron transport components (Baier and Dietz, 2005) . This network allows photosynthesis to adjust to environmental inputs (Dietz and Scheibe, 2004) . Light acts via thioredoxins to post-translationally modulate the activity of a set of chloroplast proteins involved in ATP synthesis and photosynthetic carbon metabolism. Short-term relocation of light harvesting (LHCII) proteins and redistribution of excitation energy (state transitions) is linked to the redox-state of the plastoquinon pool via LHCII protein kinase (Fey et al., 2005) . This kinase is also involved in long term photosynthetic adaptations, via a signal that is transferred over the chloroplast envelope to the nucleus where it affects the expression of nuclear encoded photosynthetic proteins (Bonardi et al., 2005; Fey et al., 2005) .
The thioredoxin system was discovered over 20 years ago (Buchanan, 1980) . Illumination leads to reduction of ferredoxin at the acceptor site of photosystem I.
Ferredoxin-thioredoxin reductase then leads to reduction of thioredoxins f or m, which activate enzymes in the Calvin cycle and related photosynthetic processes by reducing intra-molecular disulfide-bonds (Buchanan, 1980; Scheibe, 1990; Schürmann and Jaquot, 2000; Buchanan and Balmer, 2005) . Within minutes, this While the role of redox signals in photosynthesis is relatively well characterised, there is little information about their role in the regulation of other metabolic processes. It was shown recently that thioredoxin regulates ADPGlc pyrophosphorylase (AGPase), a key enzyme of starch biosynthesis (Tiessen et al., 2002; Hendriks et al., 2003) .
AGPase is rapidly activated upon illumination by reduction of an intermolecular disulfide-bond between cysteines on the two small subunits of the tetrameric enzyme (Hendriks et al., 2003; Kolbe et al., 2005) . Activation is also promoted by sugars, which act additively with light, and also on their own in darkened leaves and nonphotosynthetic tissues (Tiessen et al., 2002; Hendriks et al. 2003; Kolbe et al., 2005) .
The Arabidopsis genome contains a small family of thioredoxins, including 19 different isoforms grouped into six subfamilies (Lemaire et al., 2004; Buchanan and Luan, 2005) . Thioredoxins f, m, x and y are located exclusively in the chloroplast, thioredoxin o exclusively in the mitochondria and thioredoxin h representatives are distributed between the cytosol, nucleus, ER and mitochondria (Schürmann and Jacquot, 2000; Buchanan and Luan, 2005) . Thioredoxins can be reduced by two different redox-systems, viz. ferredoxin and ferredoxin:thioredoxin reductase (FTR) in the chloroplast or NADPH and NADP-thioredoxin reductase (NTR) in other organelles (Buchanan and Balmer, 2005) .
A large number of novel potential thioredoxin targets have been identified using two in-vitro strategies: (i) studies of enzymes and proteins after adding dithiothreitol (DTT), a non-physiological substrate for thioredoxins (Schürmann and Jaquot, 2000) , and (ii) affinity chromatography with mutated thioredoxins in combination with proteomic analyses (Motohashi et al., 2001; Balmer et al., 2003; Balmer et al., 2004; Wong et al., 2004; Marchand et al., 2004; Lemaire et al., 2004) . In total, about 180 putative thioredoxin targets have been identified, distributed in various metabolic processes, different cellular organelles and diverse photosynthetic and nonphotosynthetic tissues (Buchanan and Balmer, 2005) . These results suggest that thioredoxins have a general role in metabolic regulation, but in most cases the physiological relevance has not been demonstrated.
To investigate whether DTT treatment affected the in-vivo thiol status of mitochondrial proteins, we analysed the dimerisation state of the mitochondrial alternative oxidase (AOX). This protein is activated by reduction of an intermolecular disulfide bond formed between the Cys 126 residues of the AOX homodimer (Umbach and Siedow, 1993; Vanlerberghe et al., 1998; Vanlerberghe et al., 1999) .
Reduction of the inter-molecular disulfide-bridge leads to an increased mobility of the alternative oxidase protein during gel-electrophoresis, because the protein runs as a dimer in the oxidised and a monomer in the reduced form. Leaf discs were rapidly extracted in trichloroacetic acid, proteins separated using non-reducing SDS-PAGE, and AOX protein detected via immunoblot. The monomer/dimer ratio increased from 0.83 in the control to 1.90 in discs treated with 5 mM DTT (Fig. 1S) . Overall, these results highlight the utility of DTT as a tool to manipulate disulfide-bond formation of various enzymes in leaf tissues.
Changes in carbon fluxes in Arabidopsis leaves in response to short-term DTT treatment
To investigate the effect on carbon fluxes, leaf discs were incubated for 1h with carrier-free high specific activity 14 C-glucose in the presence or absence of 5 mM DTT. DTT treatment resulted in a small inhibition of 14 C-glucose uptake ( Fig. 2A) , which resembles the results obtained with potato tuber tissue (Tiessen et al., 2002) .
DTT led to major changes in the partitioning of label. An increased percent of the label was incorporated into starch, amino acids, protein and cell walls, while labelling of organic acids remained unchanged and labelling of sucrose decreased (data not shown). Further separation of label in cell-walls revealed that DTT treatment led to a preferential increase in labelling of cellulose, with the labelling ratio of cellulose/ matrix-polysaccharides increasing from 0.75 ± 0.13 in the control to 1.31 ± 0.01 in the 5 mM DTT treatment, respectively (data not shown). To calculate absolute fluxes, the specific activity of the internal hexose-phosphate pool was determined (see Geigenberger et al., 1997 ; for a full explanation of the assumptions inherent in the estimation of fluxes). The specific activity decreased 2-fold after feeding DTT (Fig.   2B ). This was partly due to the decreased uptake of label ( Fig. 2A ), but also indicates there is dilution of label by increased mobilisation of unlabeled endogenous storage carbon such as starch or sucrose. DTT treatment led to a 2-3 fold increase in the rate of starch (Fig. 2C ), organic acid ( Fig. 2E ) and amino acid synthesis (Fig. 2F) , a 4-fold increase in protein synthesis (Fig. 2G ) and a 10-fold increase in cell-wall synthesis, (Fig. 2H ) while flux to sucrose (Fig. 2D ) decreased. The results extend previous studies showing that redox-activation of AGPase leads to increased rates of starch synthesis in potato tubers and leaves of various species (Tiessen et al., 2002; Hendriks et al., 2003) . In addition, they provide evidence that the thiol-disulfide status is involved in regulating further pathways of carbon metabolism in leaves, including amino acid, protein and cell wall synthesis. Interestingly, many of these pathways are at least partially located outside the plastid.
Changes in metabolite profiles in Arabidopsis leaves in response to short-term
DTT treatment
For a more comprehensive analysis, metabolite and transcript profiles were investigated in leaf discs incubated in the presence and absence of DTT in parallel to the incubations described above. After sampling and extraction, metabolite contents were determined and expressed as described in Roessner et al. (2001a; b) . Figure 3 presents a schematic overview of the metabolite changes, and Table 1S in the Supplement provides a comprehensive list of all metabolites measured and documents the extent and significance of these changes. DTT treatment led to a significant decrease of hexose-phosphates. These represent the entry point of carbon into starch synthesis, glycolysis and cell wall synthesis. There were significant increases of succinate and fumarate, in the second halve of the TCA cycle, and significant increases in the levels of various amino acids such as arginine, proline, asparagine, isoleucine, alanine, leucine, valine and cysteine, while the level of serine decreased. There was a significant increase in shikimate, which is an intermediate in the synthesis of aromatic amino acids and secondary metabolites. DTT treatment did not lead to substantial changes in the levels of the major sugar pools such as sucrose, fructose and glucose. There were, however, significant changes in the above, in that they suggested an increase in the flux to cell wall and amino acids and proteins (see Fig. 2 ). The significant decrease in glucose6-P and fructose6-P levels is consistent with a stimulation of the use of hexose-phosphates for starch, cell-wall and amino-acid synthesis.
Changes in transcript profile in Arabidopsis leaves in response to short-term
To investigate changes in the transcriptome of Arabidopsis leaves, Affymetrix ATH1
GeneChip analyses were performed on control and DTT treated samples. Feeding of 5 mM DTT for 1 h led to a relatively small number of changes in transcript levels. Out of the 11998 genes called present by the MASC software, 15 were up-regulated, and 29 were down-regulated >2-fold in both biological replicas (see Table 2S ). Using the MapMan software (Thimm et al., 2004 , Usadel et al., 2005 , genes were categorised in functional bins: It was tested whether the observed expression values of each bin differ from the collection of genes from all other bins using the Wilcoxon Rank Sum
Test with Benjamini-Hochberg p-value correction. Table 1 shows the major functional bins in the order of their probability-value. The lowest p-value (2.28E-29) was attributed to genes encoding transport proteins, revealing that the combined response of transcripts from genes assigned to this functional category is highly significantly different compared to the response of all other expressed genes on the array. As the responses of transcripts for genes assigned to the bins cell-wall metabolism (2.57E-27), protein metabolism (4.81E-14), amino acid metabolism Table 2 provides an overview of the changes in normalised expression values of genes that encode for proteins involved in redox regulation. There was a preferential increase in transcripts coding for protein disulfide isomerases, thioredoxin family proteins and glutaredoxin family proteins, while transcripts involved in ROS detoxification (peroxidases etc.) remained largely unchanged (not shown). MapMan files for all experiments are available as supplemental data (Table 3S ). In Table 2S DTT treatment did not significantly increase NADP-MDH activity. This is a known target for thioredoxin-m, but activation requires a high NADPH/NADP ratio. Activation of NADP-MDH is an indicator for the NADPH/NADP ratio in the chloroplast stroma (Scheibe, 1990) . These data indicate that the DTT treatment has not increased the NADPH/NADP ratio, at least in the chloroplast stroma. Independent evidence for this conclusion is provided by our metabolite analyses. The NAD(P)-reduction state of a tissue can be estimated by calculating the in-vivo product/substrate ratio of NAD(P)-linked reactions like isocitrate dehydrogenase or malate dehydrogenase, which operate close to their thermodynamic equilibrium (Sies, 1982; Siess et al., 1982; Heineke et al., 1991 These results provide evidence that DTT treatment led to changes in the thiol-status of several known thioredoxin targets in the chloroplast stroma and the mitochondria, while the reduction state of the NAD(P)-system was not substantially changed in the discs. However, we cannot rigorously exclude the possibility that some of the changes in the DTT treatment may be due to changes of the ascorbate or glutathione couples.
Thiol-disulfide exchange leads to global changes in leaf metabolism
A short-term increase in the thiol-disulfide status leads to major alterations in the metabolite profiles and increased flux of carbon into starch, cell wall, the major respiratory pathways and amino acid synthesis. There are no substantial changes in the levels of major sugars such as sucrose, glucose and fructose (Figs. 2 and 3 ).
This provides evidence that the thiol-disulfide status affects several important metabolic pathways both within, and external to, the plastid, via a mechanism that is independent of the sugar status.
The stimulation of starch synthesis was accompanied by post-translational redoxactivation of AGPase, and occurred in the presence of decreased hexose-phosphate and unchanged 3PGA levels. This resembles the response in potato tuber discs (Tiessen et al., 2002) . Earlier studies in potato tubers, leaves and isolated chloroplasts have shown that AGPase is subject to thioredoxin dependent redoxactivation (Hendriks et al., 2003; Geigenberger et al., 2005) . The redox-activation of AGPase is probably due to increased reduction of thioredoxins by DTT, rather than to a general increase in the cellular redox-state or in the NADPH/NADP ratio (see above DTT treatment led a decrease in the levels of organic acids involved in the first part of the Krebs cycle (aconitate, isocitrate, α-ketoglutarate) while succinate and other intermediates of the second part of the Krebs cycle increased. This is consistent with stimulation of α-ketoglutarate dehydrogenase (Fig. 3) . α-Ketoglutarate dehydrogenase is a key regulatory enzyme of the Krebs cycle and is subject in mammals to redox regulation by mitochondrial thioredoxins, which protects against self-inactivation during catalysis at low NAD + (Bunik, 2003) . Our data suggest α- DTT treatment led to an increased flux of carbon into amino acids and proteins ( Fig.   2 ) and increased levels of many amino acids (Fig. 3) DTT treatment stimulated the flux of carbon into proteins (Fig. 2) . This might be due , 1997) . Several thioredoxin targets involved in translation, protein assembly and folding were recently identified using proteomics (Balmer et al., 2003) .
In this context, it is noteworthy that (see below) DTT treatment transcriptionally activated many genes assigned to protein synthesis.
DTT treatment stimulated flux to cell-wall components, especially cellulose (Fig. 2) .
Cellulose synthase has been reported to be subject to post-translational redoxregulation, leading to changes in the activation/oligomerisation state of the enzyme (Kurek et al., 2002) . It is unknown whether this is mediated by thioredoxin. There was also a general increase of minor sugars that may be involved in cell-wall metabolism, like galactose, arabinose, mannose, xylose and fucose. This increase might also be related to turnover of a cytosolic heteroglycan that is involved in starch degradation (Fettke et al., 2005 and 2006) . Glucan water dikinase, a key enzyme of starch degradation, is regulated by thioredoxins in vitro (Mikelsen et al., 2005) .
Thiol-disulfide exchange is accompanied by a relatively small number of changes in transcript levels
DTT treatment did not leads to significant changes in overall transcript levels for genes assigned to central metabolic pathways such as TCA cycle, starch metabolism, pentose-phosphate pathway, and Calvin cycle. These results indicate that short-term redox-regulation of these pathways occurs mainly at the posttranslational rather then the transcriptional level, which is consistent with previous studies showing that these pathways are regulated by the thioredoxin system (Buchanan, 1980; Schürmann and Jaquout, 2000; Bunik, 2003; Balmer et al., 2004 , Geigenberger et al., 2005 .
Statistical treatment uncovered significant changes of overall transcript levels for some specific segments of metabolism (Table 1) . This included a preferential increase of transcripts for genes encoding enzymes in amino acid metabolism, a decrease for enzymes involved in cell wall metabolism, an increase for cell-wall synthesis, and a decrease for transport proteins (Fig. 3S) redox on transcripts involved in transport is unclear but may contribute to the inhibition of sugar uptake (see Fig. 2 ). The increase in transcripts of ER sugarnucleotide transporters may provide a strategy to stimulate precursor supply to allow increased cell-wall synthesis. .There was a significant increase of the transcript levels for genes involved in redox-regulation and disulfide-bond formation ( Table 1) including genes that encode thioredoxin and glutaredoxin family proteins (Table 2) induced. Increased levels of reduced glutathione in plants due to feeding or transgenic approaches, led to specific changes in the release of intracellular calcium to the cytosol, whereas this effect was absent after feeding DTT (Gomez et al., 2004) . These results suggest that DTT and glutathione act via different signalling pathways.
Redox-based changes in carbon metabolism are interlinked with sugar signalling
There is a surprising similarity between the stimulating effect of DTT on biosynthetic fluxes documented in the present study (Fig. 2) and previously published results on the effect of sugars (Geiger et al., 1998; Morcuende et al., 1998 , Hendriks et al., 2003 ; and data not shown). This suggests that sugar and thiol-disulfide signals may share common metabolic targets. In fact, sugars lead to stimulation of starch synthesis via post-translational redox-activation of AGPase (Tiessen et al., 2002;  glucose and sucrose is mediated by separate sugar signalling pathways, which differ in their dependency on a SNF1-like protein kinase and in their effect on the reduction state of the NADP-system (Tiessen et al., 2003; Kolbe et al., 2005) . Glucose leads to an increase in the NADPH/NADP ratio which may subsequently lead to an increase in the reduction of thioredoxin targets via NADP-thioredoxin-reductase. The signalling pathway that links sucrose to redox-activation of AGPase does not require an increase of the NADPH/NADP ratio, and involves a SNF1-like protein kinase in the cytosol (Tiessen et al., 2003 ) and trehalose-6-phosphate as signal molecule that links the sugar status to the plastid (Kolbe et al., 2005; Lunn et al., 2006) . More studies are needed to elucidate the mechanisms and signalling components that are involved in this regulatory network and their interaction with dithiol signaling.
In conclusion, the present paper complements recent proteomic studies by 
Materials and Methods

Plant material
Arabidopsis thaliana var Col-0 (wild type) was grown in a short-day phytotron (with 8h/16h light dark; 180 µE, 20°C/16°C, and 60%/75% humidity. Leaves were harvested in the chamber at the end of the dark period and used immediately for incubation experiments or quenched in liquid nitrogen and stored at -80°C until use.
Only source leaves that were not shaded by other leaves were collected. 
Incubation experiments
Leaf discs were floated for on 2 mM MES, pH 6.5, and various concentrations of DTT. The experiment was carried out in a growth cabinet in identical conditions to the growth phytotron, except the light was switched off. After one h, the leaf discs were immersed shortly in water to remove external DTT and then frozen in liquid nitrogen.
Enzyme analysis
Frozen leaf material was homogenized and extracted in trichloroacetic acid as in Hendriks et al. (2003) . Redox-activation was determined by analysing the monomerisation degree of the protein in non-reductive SDS-PAGE for AGPase as in Hendriks et al. (2003) , and for AOX using antibodies raised against potato AOX obtained from Dr. Lee Sweetlove (Oxford, UK). The size of the AOX monomer (~35 KD) was consistent with previous studies (Umbach and Siedow, 1993) . Enzyme activities were extracted and analysed under non-reducing assay conditions for Glc6PDH as in Graeve et al. (1994) , FBPase as in Leegood (1990) and NADP-MDH as in Ashton et al. (1990) .
Analysis of metabolic fluxes
Leaf discs were incubated in the dark for 1 h at 20°C (humidity of 60%) in medium anionic and cationic fractions by ion-exchange and thin layer chromatography (Geigenberger et al., 1997) . The insoluble pellet was analysed to determine label in starch, protein and cell walls as in Merlo et al. (1993) . Label in the hexose phosphate pool was analyzed as in Geigenberger et al. (1997) , and total carbon in the hexose phosphate pool was determined in ethanol extracts as in Gibon et al. (2002) using non-radioactive replicates incubated in parallel.
Metabolite analysis
Metabolites were determined in derivatised methanol extracts by gas chromatography mass spectrometry (GC-MS) analysis as in Roessner et al. (2001a) , except that the machine parameters and time reference standards were as in Roessner-Tunali et al. (2003) . The values of each metabolite are normalized to those determined in wild type (Roessner et al., 2001b) . Recoveries of metabolites through extraction to detection are documented in Roessner et al. (2000) . The levels of PEP and pyruvate were determined as in Gibon et al. (2002) .
Gene expression analysis with 22K Affymetrix Arrays
Total RNA was isolated from frozen material using Trizol Reagent (Invitrogen, Results are the mean ± SE (n = 5). Table 1S . To visualize the changes, increases or decreases larger than 10%
were indicated with blue or red letters, respectively, within a metabolic scheme.
Changes that are significantly different from the control (P<0.05 using the students ttest of Microsoft-Excel) are indicated with an asterisk. Results are the mean ± SE (n = 5). Transcript profiling after incubation of Arabidopsis leaf discs in 5 mM DTT as described in Fig. 1 . Statistic evaluation of the behaviour of transcript levels of genes within a functional category (bin) as compared to all the other remaining bins. Genes that belong to a bin that has a P-value below 0.05 are likely to be coregulated. 
